Welding of modified 9Cr-1Mo(V-Nb) steel plates has been carried out by shielded metal arc (SMA) and gas tungsten arc (GTA) welding processes. The welding has been carried out using different preheating temperatures followed by employing post weld heat treatment (PWHT) at different temperatures. The microstructures of the weld and heat affected zone (HAZ) of the weld joints have been studied under optical microscope and correlated with the temperatures of the pre and post weld heating. The property of the weld joint has been primarily characterised by studying variation in hardness across the weld joint. Average hardness of the weld and different regions of HAZ are evaluated and also correlated with the temperatures of the pre and post weld heating. The tensile and C V -impact toughness properties of the weld joints are also studied and correlated to the preheating and PWHT temperatures. At a given preheating the tensile and impact toughness properties of the SMA and GTA weld joints observed under different PWHT are compared and correlated to their microstructures. The increase of preheating and PWHT coarsened the microstructures of weld and HAZ and significantly influenced the properties of the weld joints. The moderate preheating and PWHT at about 523 K and 1 023 K respectively gave optimum tensile properties of the SMA welds. The toughness of weld deposit of 9Cr-1Mo grade alloy was improved by PWHT at high temperature in presence of its modification by addition of V and Nb.
Introduction
The use of various grades of Cr-Mo alloy steels in high temperature applications is well known by now. The superiority of the Cr-Mo steels in long term elevated temperature services of power plant applications is largely governed by the phenomena of carbide precipitation along with their morphology and stability. [1] [2] [3] [4] But the continuous search of the technologists to improve the efficiency and life of a plant, running at higher elevated temperature, results in development of modified 9Cr-1Mo steel. [5] [6] [7] The modified 9Cr-1Mo grade steel containing small amount of V and Nb, has been of much interest because of its superior creep rupture properties 8, 9) in applications up to about 923 K. Main contribution to the improvement of this material comes from solid solution hardening and precipitation hardening. The solution hardening of this steel primarily arises due to presence of Mo up to 1 %, 9) whereas the precipitation hardening results from precipitation of M 23 C 6 carbides.
It is well known that the sutability of any material in application like power plant and petrochemical industries is largely governed by its weldability. The modified 9Cr-1Mo steel is quite sensitive to the solution hardening and precipitation hardening, giving rise to a complex microstructure affecting its elevated temperature properties. [10] [11] [12] Thus, it is very much necessary to study its weldability under various commonly used welding processes like shielded metal arc (SMA) and gas tungsten arc (GTA) Welding. During welding the morphology of weld and heat affected zone (HAZ) is largely governed by the weld thermal cycle affected by the preheating, welding procedure and parameters as well as the post weld heat treatment (PWHT).
Keeping in view the above aspects an effort has been made in this investigation to study the weldability of a modified 9Cr-1Mo(V-Nb) steel plate under SMA welding and GTA welding processes giving rise to different kinds of weld thermal cycles. The weld thermal cycle has also been varied further by carrying out welding without preheating and with preheating at different temperatures. The studies have been primarily planned to understand the influence of preheating and post weld heat treatment on the hardness and tensile properties of the weld joint and C V -impact toughness properties of the weld deposit in reference to their microstructure resulted under different conditions of welding.
Experimental

Welding
The 55ϫ5 mm 2 rolled sections of modified 9Cr-1Mo(VNb) grade steel plates were welded by the shielded metal arc welding (SMAW) and gas tungsten arc welding (GTAW) processes. The chemical composition of the plates has been analysed as shown in Table 1 . Using U-groove with 1.2 mm root face (Fig. 1) , the welding of 160 mm long steel plates was carried by two procedures as (1) root pass by autogeneous GTAW followed by two filler passes by SMAW and (2) root pass by autogeneous GTAW followed by two filler passes also by GTAW.
Prior to welding the pieces were properly matched with no root gap and held by tack weld followed by thorough cleaning of the weld groove by wire brushing. The job was held flat in a suitable fixture having an arrangement for holding the GTA welding torch vertically at the centre of the weld groove wherever necessary. The GTA welding was carried out using a 2.14 mm diameter thoriated tungsten electrode having a tip angle of 35°and argon shielding at a flow rate of 10 L/min. After the GTAW root pass the filling passes of the weld groove was carried out with an inter-pass temperature same as that of the preheating temperature in both the cases of SMAW and GTAW. The SMAW filling passes were carried out using pre-baked (623 K) 3.15 mm diameter basic coated (AWS A5.5 : E50515) electrode and the GTAW filling passes were carried out using 4 mm diameter matching filler rod machined out from the base metal. The welding parameters of both the processes are given in Table 2 . The chemical compositions of the weld metals deposited by the SMAW and GTAW processes are also shown in Table 1 .
Pre and Post Weld Heating
Prior to SMA welding the weld groove was always preheated at three different temperatures of 473, 523 and 573 K for about 15 min using a neutral oxyacetylene flame. The temperature was measured with the help of a surface sensor connected to a digital thermometer. After welding the joints were immediately given a post weld heat treatment (PWHT) at 923, 1 023 and 1 123 K without allowing them to cool down below the preheating temperature. However, in case of the preheating at 473 K no PWHT was provided at 923 K. The GTA welding was carried out using no preheating and also a preheating at 523 K. But, in all the cases the weld joint was PWHT at 923 and 1 123 K following the same practice as stated above. The PWHT to the weld joints was given by keeping them inside an electric muffle furnace for 1 h followed by cooling under ambient condition. The different schedules of the preheating and PWHT used in welding of the plates are shown in Table 3 .
Metallography
Transverse sections of the weld joints were prepared by standard metallographic procedure and etched by Vilella's etchant containing picric acid 1 g, HCl 5 mL and alcohol 100 mL. The microstructure was studied under optical microscope. Hardness across the weld in reference to weld centre was measured by micro Vicker's diamond indentation at a load of 981 mN. The hardness measurement was carried out with specific attention to the region of markable change in microstructure, such as the fusion line of the weld and the coarse and fine grain regions of HAZ. 
Mechanical Testing
The tensile testing of the weld joints was carried out using the specimens as shown in Fig. 2 . The tensile tests were carried out at a crosshead speed of 1 mm/min and the elongation at fracture was measured at a gauge length of 50 mm having weld at its centre. The impact toughness of the weld was measured by using Charpy V-notch specimens of substandard size (Fig. 3) according to the ASTM specification E-23. The notch was placed at weld centre in through thickness direction. The tests were carried out at room temperature.
Results and Discussions
During welding the studies on pre and post weld heating was planned according to recommendations of AWS for this class of materials 13) as minimum 478 K and around 1 023 K respectively. The preheating for the sufficient period of time helps in lowering of hydrogen content of the weldment by permitting sufficient hydrogen to escape from the base material. The immediate transfer of the weldments to the furnace at PWHT temperature without allowing them to cool down below the preheating temperature after welding was necessary in view of high cracking sensitivity of the modified 9Cr-1Mo(V-Nb) steel during normalising from the high temperature of welding. It reduces the hydrogen induced cracking susceptibility of the weldments primarily by reducing the transformation of hard phases in the matrix and eliminating residual stresses of the weld joint.
Microstructure
Microstructure of the base material has been shown in Fig. 4 . The figure shows the presence of typical rolled elongated morphology containing tempered martensite in the matrix. The weld joints, in agreement to earlier observations, [10] [11] [12] 14) were having three distinctly different regions of microstructure, such as the weld (deposit) region, comparatively coarse grain HAZ adjacent to the fusion line and fine grain HAZ at a distance further away from the fusion line. as dissolving the ferrite. At a given preheating of 523 K the influence of PWHT varied to 923 and 1 123 K on the microstructure of coarse grain region of HAZ adjacent to the fusion line has been shown in the micrographs presented in Figs. 7(a) and 7(b) respectively. The microstructures reveal that at a given preheating the increase in PWHT to 1 123 K significantly coarsens the microstructure. However, it is also interesting to note (Fig. 8) that the use of low preheating of 473 K does not significantly coarsens the microstructure of similar region of weld joint in spite of using the high PWHT of 1 123 K, in comparison to that observed where the higher preheating of 573 K was used (Fig. 7(b) ). It infers that the microstructure of HAZ resulting from PWHT largely depends upon the changes in microstructure taking place during welding under the influence of preheating especially with respect to grain coarsening and ferrite transformation. During welding at a given energy input the grain coarsening and ferrite transformation in HAZ is encouraged by the higher preheating giving rise to higher heat input and slower cooling of the matrix.
The HAZ at a distance of about 3 mm away from the fusion line has been found to have fine grain microstructure primarily consist of ferrite and fine tempered martensite. The influence of PWHT, varied to 923 and 1 123 K, on the microstructure of comparatively fine grain region of HAZ has been shown in Figs. 9(a) and 9(b) respectively where, the preheating was kept constant at 523 K. The microstructures show that at a given preheating the increase in PWHT relatively coarsens the fine grain microstructure and promotes ferrite transformation along with tempering of matrix. However, the use of high PWHT of 1 123 K has not been found (Fig. 10) to influence the microstructure of this region significantly, in comparison to that observed in (Fig.  9(b) ), when the welding was carried out at the low preheating of 473 K. Thus, it may again support the earlier inference that the resulting microstructure of PWHT largely depends upon initial microstructure of HAZ dictated by the preheating.
Gas Tungsten Arc Weld Joint
The weldability of base material during GTA welding was studied under no preheating as well as with preheating at 523 K, where in both the cases PWHT was employed at 923 and 1 123 K. The weldments were always found free from cold cracking. During GTA welding the weld size was comparatively narrower due to more intense concentric heating as compared to that of SMAW. The intense heating also enhances the cooling rate of weld deposit. However, in spite of a faster cooling of weld deposit under concentric heating the delayed cracking of the weld could be avoided by the application of PWHT. The influence of PWHT, varied to 923 and 1 123 K, on the microstructure of weld centre has been shown in Figs. 11(a) and 11(b) respectively where, no preheating was used. Similarly at a given preheating of 523 K the influence of PWHT at 923 and 1 123 K on the microstructure of weld centre has been shown in Figs. 12(a) and 12(b) respectively. The microstructures presented in Fig. 11(a) and 11(b) reveals that the PWHT at 923 K does not influence the dendritic structure of weld deposit significantly but the use of higher PWHT at 1 123 K considerably dissolves the dendritic structures giving rise to formation of bulky ferrite and tempered martensite in the matrix. However, it is observed (Figs. 11(a) and 12(a) ) that the use of preheating at 523 K significantly affects the microstructure of weld deposit by coarsening the dendrite and enhancing the ferrite transformation primarily due to its influence on weld thermal cycle as discussed above.
Hardness
Hardness of the base material was measured of the order of 300Ϯ10VHN and the applied preheating has been found to affect it insignificantly. But it is observed that the increase in PWHT relatively reduces the hardness of base material as revealed in the studies on variation in hardness across the weld, discussed latter. This may be primarily attributed to the dissolution of certain carbide as well as tempering of martensite.
The typical behaviour of variation in average hardness across the weld joints prepared by the SMAW has been shown in Fig. 13 where, the PWHT was varied to 923, 1 023 and 1 123 K at a given preheating of 523 K. At a given preheating of 523 K the influence of PWHT and at a given PWHT of 1 023 K the influence of preheating on variation in hardness at weld centre (WC), fusion line (FL), coarse grain (CG) region of HAZ adjacent to FL and fine grain (FG) region of HAZ (2.5-3 mm away from the FL) of the joints prepared by the SMAW process is depicted in Figs. 14 and 15 respectively. But, in agreement to earlier observation, 5, 6) the figures show that the preheating and PWHT are having significant influence on the hardness of weld and HAZ. It is marked that at a given preheating of 5 233 K the increase of PWHT from 923 to 1 123 K significantly reduces the hardness of WC, FL and FG (HAZ). But the increase of PWHT from 923 to 1 023 K significantly enhances the hardness of CG (HAZ) followed by a considerable decrease in it with a further increase of PWHT to 1 123 K. The use of PWHT at 1 023 K on the welds prepared at different preheating shows that the increase of preheating temperature from 473 to 523 K enhances the hardness of all the primary locations of weld joint, as WC, FL, CG (HAZ) and FG (HAZ), followed by a decrease in it with a further increase in preheating temperature to 573 K. However, this behaviour has been found quite pronounced in FL and especially in CG (HAZ) adjacent to FL.
The typical behaviour of variation in average hardness across the weld joints prepared by the GTAW has been shown in Figs. 16 and 17 where, the PWHT was varied to 923 and 1 123 K at no preheating and at a given preheating of 523 K respectively. The figures show that at a given PWHT the use of no preheating or preheating at 523 K does not affect the hardness of any primary locations of the weld joint significantly. However, similar to that observed in case of SMAW here also it is observed that at a given preheating the increase of PWHT from 923 to 1 123 K considerably reduces the hardness of all the primary locations of the weld joint, as WC, FL, CG (HAZ) and FG (HAZ). The effect of increase in PWHT on reduction in hardness of various regions of HAZ is in agreement to earlier observation 10) of PWHT of similar steel within this range of temperature. But, it is interestingly marked that at a given preheating of 523 K and the PWHT of 923 and 1 123 K the hardness of the SMA weld (Fig. 13) is significantly higher than that of the GTA weld (Fig. 17) . The nature of variation in hardness of HAZ during PWHT of the weld joint prepared under different conditions of preheating, as revealed in Figs. 13-17 , indicates that the influence of PWHT on HAZ largely depends upon its existing microstructure resulting from the weld thermal cycle partly dictated by the preheating involved during welding. It may be true because the weld thermal cycle enhanced by the preheating may affect the precipitation of different type of carbides, especially in the matrix of HAZ close to the fusion line, of modified 9Cr-1Mo(V-Nb) steel having a large spectrum of response to the precipitation at elevated tem- perature. This phenomenon is also clearly explained in an earlier work. 14) The cause of variation in hardness of different regions of HAZ of this material is quite complicated and critical.
2) They are primarily related to the tempering of martensite and precipitation of ferrite along with the characteristics of different type (M 2 C, M 23 C 6 , M 4 C 3 etc.) of carbides. The PWHT at temperature around 923K helps in precipitation of Cr 2 C carbide in the matrix, but it may be diffused out when the PWHT is raised to 1 023 K. However at temperature of 1 023 K the carbide like V 4 C 3 may start precipitating in the matrix. At this temperature range the complex M 26 C 6 (Fe-Cr-Mo) carbide may also dominate the properties of the matrix such as its increased hardness and strength. But at a further higher PWHT of 1 123K all such carbides as discussed above, may disintegrate and diffuse, 2) minimising the hardness of the matrix. However, at a given preheating of 523 K and PWHT of 923 and 1 123 K the significant difference in hardness of the SMA (Fig. 13) and GTA (Fig. 17) weld deposits may be primarily attributed to their different chemical composition where, the presence of Ni with comparatively higher Mn content (Table 1) has caused a noticeable enhancement in hardness of SMA weld.
Tensile Properties
The ultimate tensile strength (UTS) and elongation of the base material was measured as 850 N/mm 2 and 19 % respectively. The ultimate tensile strength and ductility of both the SMA and GTA weld joints are found to be affected significantly by the PWHT and marginally by the preheating as stated below. It is observed that at a given preheating the increase in PWHT from 923 to 1 023 K marginally reduces the UTS and enhances the elongation of SMA weld joint followed by a considerable decrease and increase respectively in them with a further increase in PWHT to 1 123 K as shown in Figs. 18 and 19 respectively. However, the figures depict that at a given PWHT the increase in preheating up to 573 K comparatively reduces the tensile strength and elongation of the weld joint.
The influence of PWHT on the UTS and elongation of the GTA weld joints prepared with no preheating and preheating at 523 K has been shown in Figs. 20 and 21 respectively. The figures show that in both the cases of using preheating or not the increase in PWHT from 923 to 1 123 K significantly reduces the tensile strength and enhances elongation of the weld joint. The figures also reveal that at a given PWHT, the use of preheating comparatively enhances the UTS and reduces the elongation of the weld joint.
During tensile testing of the SMA welds the location of fracture has been found to be shifted from the HAZ adjacent to FL to base material being influenced by the preheating and PWHT but, in case of GTA welds the joints were always fractured from the weld irrespective of the variation in preheating and PWHT as stated in Table 4 . This is possibly happened by strengthening of SMA weld deposit in presence of Ni with comparatively higher Mn content (Table 1) . It is observed that at a given preheating, the change in PWHT of the SMA weld significantly affect its location of fracture whereas, at a given PWHT the increase in preheating temperature does not influence the same. Unlike SMA welds the GTA welds are always found to fracture from the weld deposits primarily due to use of matching filler wire depositing comparatively weaker weld metal than that produced by using the electrodes in SMAW. However, the fracture behaviour of weld joints in both the cases of SMAW or GTAW shows that the properties of weld joints are not primarily affected by the welding process, but to some extent by the preheating and considerably by the PWHT. This may be primarily attributed to their significant influence on phase transformation in the matrix as discussed above, resulting into improvement or lowering of tensile properties and shifting of the location of fracture in weld joint. These phenomena should be studied further in detail, which was beyond the scope of the present work.
C V -Impact Toughness
The C V -toughness of the small sub standard size specimens of the base material has been measured as 1.58 J. Due to difference in chemistry of weld metal deposited by using different filler materials during SMAW and GTAW the C Vtoughness of the welds and their response to the preheating and PWHT are found different. At different preheating of 473, 523 and 573 K the effect of PWHT on C V -toughness of the SMA weld has been shown in Fig. 22 . The figure shows that at the low preheating of 473 K the increase of PWHT from 923 to 1 123 K significantly reduces the C Vtoughness, whereas at the higher preheating of 523 and 573 K the same increase of PWHT relatively enhances and insignificantly influences the weld toughness respectively. However, it is observed that at a given PWHT the increase of preheating from 473 to 523 K significantly reduces the weld toughness followed by a marginal increase in it with the further increase of preheating to 573 K. It is also marked that this phenomenon is comparatively more pronounced at lower PWHT of 923 K. The empirical correlation of the weld toughness (J), C V , with the preheating (K), T 1 , and PWHT (K), T 2 , can be expressed as follows. The influence of PWHT on C V -toughness of the GTA weld prepared by using no preheating and preheating at 523 K has been shown in Fig. 23 . Here in case of using matching electrode the response of weld deposit to the preheating and PWHT is much more significant to that observed in case of the SMAW. The figure shows that the use of preheating is having adverse influence on the weld toughness, especially during higher PWHT, but in both the cases of using preheating at 523 K or no preheating the increase of PWHT from 923 to 1 123 K considerably enhances the weld toughness. A comparative study on the welds prepared by SMAW and GTAW shows (Fig. 24) that at lower PWHT of 923 K the toughness of the GTA weld is relatively lower than that of the SMA weld but, at higher PWHT of 1 123 K the toughness of the GTA weld is significantly higher than that of the SMA weld. This may be primarily attributed to the presence of V and Nb in GTA weld (Table 1) , which has played a significantly positive role at the high PWHT of 1 123 K. The observations on toughness of the weld presented in Figs. 22 and 23 shows that it is not only depend upon coarsening of cast structure of weld deposit dictated by the increase of preheating, but also significantly governed by the PWHT affecting the characteristics of the precipitates in the matrix as discussed above. However, it is marked (Fig. 22 ) that the influence of preheating on weld toughness becomes insignificant at high PWHT of 1 123 K possibly due to its larger domination on matrix morphology. The above observations infer that the modification of weld deposit of 9Cr-1Mo grade alloy by addition of V and Nb is beneficial to improve its toughness possibly by virtue of their matrix toughening fine precipitation process at high PWHT which should be studied further in detail.
Conclusion
The work primarily highlights the combined influence of pre and post weld heating on weld characteristics. The increase of preheating and PWHT coarsens the microstructures of weld and HAZ and influences the precipitation behaviour in the matrix. Thus, it significantly influences the properties of the weld joints. The use of moderate preheating and PWHT at about 523 K and 1 023 K respectively gives optimum tensile properties of the SMA welds. From the weld strengthening point of view the presence of Ni with comparatively higher Mn content may be beneficial to shift the location of fracture to HAZ or base material depending upon PWHT. However, from the weld toughness point of view the GTA welding using matching filler wire may be preferred over the SMA welding. The modification of weld deposit of 9Cr-1Mo grade alloy by addition of V and Nb is beneficial to improve its toughness possibly due to their influence on fine precipitation process at high PWHT. 
